With advances in science and technology, there are more innovations in the approach to management of patients with breast cancer. Neoadjuvant chemotherapy that is designed to be used prior to surgical removal of a tumor has received significant attention. Currently, neoadjuvant chemotherapy is offered to patients with locally advanced breast cancer and also those breast cancer patients who may benefit from size reduction before conservation therapy. There is now sufficient evidence that if neoadjuvant chemotherapy leads to complete pathologic response, the patient will enjoy a better outcome. Therefore, assessment of the degree of response to neoadjuvant chemotherapy has a major impact on patient selection and the follow-up management of each patient and defines patient outcome.
Introduction
Defined as the administration of systemic therapy prior to surgical removal of a breast tumor, neoadjuvant chemotherapy was originally designed to be used in patients with locally advanced disease in order to convert inoperable tumors into operable tumors. Since the introduction of this concept, the significance of neoadjuvant chemotherapy in increasing the rate of conservation therapy and the associated reduced morbidity and better self-image has been fully acknowledged. Meanwhile, there have been concerns about local control after downstaging of the tumor and the delay to surgery in patients resistant to neoadjuvant chemotherapy. [1] [2] [3] [4] [5] [6] [7] However, the report on randomized clinical trial comparing the effectiveness of neoadjuvant chemotherapy with adjuvant chemotherapy in operable breast cancer patients has shown equivalent results. This report was based on 5500 eligible women for this analysis. It was also reported that neoadjuvant chemotherapy avoids mastectomy in 25% of the patients. In contrast, <5% of the patients who were originally candidates for conservation therapy required a mastectomy because of disease progression while receiving neoadjuvant chemotherapy. 8 Neoadjuvant chemotherapy is now commonly used for earlier, operable breast cancer patients. Currently, neoadjuvant chemotherapy is used for locally advanced breast cancer, inflammatory breast cancer, and downstaging of large tumors to allow for breast conservation therapy. 9 The indication for neoadjuvant chemotherapy is now extended to clinically node negative breast cancer patients with unfavorable tumor profiles, in whom adjuvant systemic therapy is predicted. 10 There are several benefits to the use of neoadjuvant chemotherapy. It offers a unique opportunity for the evaluation of treatment response with complete pathologic response acting as a surrogate marker of survival and for a more rapid assessment of the efficacy of new therapeutic agents and early cessation of ineffective treatment. In addition, in case of a resistance to therapy, adjusting the dose and/or change to another drug saves patients from the burden of toxicity and side effects. Furthermore, neoadjuvant chemotherapy provides an opportunity for individualized therapy and allows collection of tumor samples before, during, and after treatment for conducting translational research. 11, 12 This assessment of tumor behavior in situ during neoadjuvant chemotherapy and its correlation with clinical outcome is an excellent model to determine the predictive role of tumor characteristics. The ultimate goal of translational research associated with neoadjuvant chemotherapy is the introduction of individually tailored treatment strategies based on an individual risk profile. 13 This review article is designed to highlight the predictors of response to neoadjuvant chemotherapy and provides suggestions for appropriate pathology reporting that has critical implications for patient care.
Predictors of response to neoadjuvant chemotherapy
Response to neoadjuvant chemotherapy is evaluated by the change in tumor size from pretreatment clinical and/or radiologic measurement to post-treatment status. The spectrum of response to neoadjuvant chemotherapy varies from complete response, partial response, to non-response. This concept is the same in breast tumors as well as axillary lymph nodes. Studies have shown that the rate of response to therapy varies from 15% to 30% depending on the type of tumor and the type of chemotherapy used. 11, [14] [15] [16] Patients who achieve complete response to neoadjuvant chemotherapy experience better outcomes, that is, longterm disease-free survival, and better overall survival when compared to those patients whose tumors do not respond to therapy. 17 Definition of complete pathologic response as a surrogate endpoint predictor of long-term clinical benefit has remained variable. The three most commonly used definitions are absence of invasive cancer and in situ cancer in the breast, and axillary lymph nodes (ypTO ypNO), irrespective of ductal carcinoma in situ (ypTO/is ypNO), and absence of invasive cancer in the breast irrespective of ductal carcinoma in situ or lymph node involvement (ypTO/is). Obtaining data from 12 identified international trials with 11,955 patients, Cortazar et al. 18 studied the relationship between pathological complete response and the patient outcome. The objective was to establish the definition of pathological complete response and identify breast cancer subtypes that are considered as best responders to neoadjuvant chemotherapy. The authors in this analysis reported that patients who showed pathologic complete response defined as ypTO ypNO or ypTO/is ypNO experienced better survival. This impact was more conspicuous in aggressive tumor subtypes such as triple-negative breast cancer and those with human epidermal growth factor receptor-2 (HER2) positive and hormone receptor negative tumors. However, they proposed that pathological complete response is a more stringent definition. As previously reported, the presence or absence of ductal carcinoma in situ in patients with complete absence of invasive carcinoma in the breast and lymph nodes did not adversely affect survival. 19, 20 This finding, however, is challenged by a German pooled analysis 21 of seven neoadjuvant trials that had shown a patient without ductal carcinoma in situ has better survival compared to those patients with residual ductal carcinoma in situ with no residual invasive carcinoma in the breast.
Small tumor size, high tumor grade, high proliferation rate, tumor necrosis, and presence of tumor-associated lymphocytes are considered predictors of better response to neoadjuvant chemotherapy. In addition, patients with hormone receptor negative, HER2/neu oncogene positive tumors, and those with triple-negative breast cancer experience more favorable response to therapy. 22, 23 
Predictors of non-response to neoadjuvant chemotherapy
Using gene expression profiling, it is also possible to predict partial or no response to therapy and avoid unnecessary chemotherapy. Recent studies using BluePrint and MammaPrint have shown that molecular subtyping may better identify patients who may not benefit from neoadjuvant chemotherapy. Gene profiling enables subdivision of luminal group into two types: luminal A and luminal B. Luminal A type tumors have an excellent prognosis and do not benefit from neoadjuvant chemotherapy [24] [25] [26] (Figures 1  and 2 ). However, luminal B tumors often present a challenge in therapy. As they are more aggressive than luminal A types, they are generally treated by both endocrine therapy and chemotherapy, often with no effect. Recognizing that luminal B/HER2 tumors do not respond to chemotherapy provides an opportunity to plan a more effective endocrine therapy. 27 To identify these patients who will not benefit from neoadjuvant chemotherapy, Balmativola et al. in 2014 reported their experience among a cohort of 490 cases showing pathological complete response and partial response compared with the group of non-responders. They confirmed the results of other studies that estrogen and progesterone positivity was associated with a lack of response to neoadjuvant chemotherapy. 28 In addition, they demonstrated that lobular subtype of breast cancer and the absence of tumor-infiltrating lymphocytes were more significantly common in patients with no response to neoadjuvant chemotherapy. However, using multivariable analysis showed that the expression of estrogen report or progesterone receptors was independent variables for discriminating the no response category from those with complete and partial response. This observation may support the previously suggested idea by Delpich et al. 29 that no response to neoadjuvant chemotherapy may be more related to intrinsic tumor characteristics than the expression of estrogen receptor. The authors also identified the cutoff values of 9 for mitosis and 18% for Ki-67 in differentiation between no responders versus partial and complete responders to the neoadjuvant chemotherapy. 28
Procedures required prior to neoadjuvant chemotherapy
In order to be able to accurately assess the status of the response to therapy, it is critically important to have a definitive diagnosis of breast cancer and obtain information about tumor type, tumor grade, presence or absence of necrosis, and/or lymphatic and vascular invasion. 30 This information is helpful in making decisions about the initiation of neoadjuvant chemotherapy and selection of medication. A clip should be placed at the time of initial tissue sampling or during the first few cycles of neoadjuvant chemotherapy. This will make it possible to reliably identify the tumor bed after therapy. Access to sufficient tumor tissue is also required to be able to assess the status of biomarkers such as hormone receptors and HER2/neu oncogene. In addition, the status of axillary lymph nodes has to be known, clinically and by imaging, prior to neoadjuvant chemotherapy. Clinically positive axillary lymph nodes should be sampled by minimally invasive procedures such as fine needle aspiration biopsy and/or core needle biopsy. Clinically negative axillary lymph nodes should be sampled by sentinel lymph node biopsy. [31] [32] [33] A total of 36 of 75 (48%) of conventional HER2+/HR+ patients were reclassified by BluePrint as luminal-with only 1 pCR (3%) to NCT (arrow A). A total of 33 of 75 (44%) of conventional HER2+/HR+ patients were classified by BluePrint has HER2, with a pCR rate to NCT of 45% (arrow B). A total of six conventional HER2+/HR+ patients were reassigned to BPBasal (not shown).
Source: Reprinted with permission from Whitworth et al. 25 
Evaluation of response to neoadjuvant chemotherapy
Response to neoadjuvant chemotherapy can be assessed by clinical examination, breast imaging studies, and, ultimately, pathologic examination of post-treatment specimen. Clinical examination is performed by assessment of the size of the tumor by palpation. This task is more difficult in tumors that have responded to therapy, as it is challenging to palpate the real tumor versus the treatment-induced changes. 34 Breast imaging modalities such as mammography and ultrasound are not considered adequate for quantitative assessment of change in tumor size. However, more recent devices such as magnetic resonance imaging (MRI) and positron emission tomography (PET) have been shown to provide a better assessment of tumor response to neoadjuvant chemotherapy and better predict response to therapy. [35] [36] [37] [38] The frequency and nature of monitoring for the effects of neoadjuvant chemotherapy by imaging has remained controversial. There are individuals who believe that imaging should be repeated after completion of neoadjuvant chemotherapy before surgery to assess residual disease and plan surgical procedures. Imaging may be repeated in a timely fashion in order to document tumor response or disease progression. This assessment is critically important to minimize the toxicity to the patient and delay in surgical therapy in those patients who are not responding to neoadjuvant chemotherapy. When repeat imaging is used, the same modality for breast imaging should be used as the original baseline. 39 Neoadjuvant chemotherapy induces changes in morphology of the tumor. Based on the degree of response, the distribution of residual tumor and the degree of treatment effect, morphologic features are different. These features need to be recognized and be included in the pathology report. The pathology report forms the foundation upon which the follow-up management of a breast cancer patient is planned. 11, 32, 40 
Pathology of response to neoadjuvant chemotherapy

Gross examination
Access to the information about the size and the location of the tumor prior to therapy is critical. Specimen radiography will assist in identification of clip or microcalcification. Associated with complete response to therapy, it is not possible to identify any grossly visible lesions. Identification of tumor bed and surrounding tissue is helpful in selecting the right area for tissue sectioning. Therefore, efforts should be made to evaluate the surgical margins since the tumor bed is usually seen as a nondescriptive area of irregular rubbery fibrous tissue that may also contain ill-defined areas of residual tumor. The size of the tumor bed should also be documented. Margin assessment is important in case residual tumor is later found by microscopic examination. 32 
Microscopic evaluation
Microscopically, it is important to find the previous biopsy changes characterized by stromal fibrosis, macrophages, lymphocytes, and, occasionally, multinucleated giant cell reaction. In the absence of this finding, the possibility of a sampling error in lumpectomy specimen should be highly considered. Similarly, recognition of the tumor bed is essential. Tumor bed is characterized by stromal fibrosis, necrosis, chronic inflammatory infiltrate, calcifications, and histiocytes 11 (Figure 3 ).
The spectrum of changes after therapy is defined as complete response (no residual tumor identified; Figure 4 ), partial response (residual tumor seen singly or in clusters; Figure 5 ), and non-response (no change identified; Figure  6 ). Occasionally, it is difficult to distinguish between reactive/inflammatory atypia and residual tumor cells. Changes in non-neoplastic breast tissue include cytoplasmic and nuclear enlargement and sclerosis of basement membranes that may mimic residual tumor. In these circumstances, immunostaining for epithelial markers such as cytokeratin AE-1/AE-3 or CK7 and CD68 for histiocytes and myoepthelial markers are appropriate diagnostic adjuncts. 11 Complete pathologic response involves the disappearance of all invasive carcinoma in the breast and axillary lymph nodes after completion of therapy. Residual ductal carcinoma in situ may also be present; however, this finding does not alter survival. It appears that ductal carcinoma in situ and vascular tumor emboli are relatively resistant to neoadjuvant chemotherapy compared to the associated invasive carcinoma. 40 Assessment of post-treatment lymph nodes involves recognition of pronounced lymphoid depletion, atrophy, and fibrosis where there is evidence of complete response to therapy. Residual tumors may be better identified by immunostaining for cytokeratin 11 (Figures 7 and 8 ).
Treatment effect
Tumor size and tumor cellularity. The pretreatment clinical stage and post-treatment pathologic stage are the determinant of the progression of breast cancer patients undergoing neoadjuvant chemotherapy. Tumor size is easy to measure if there is no or minimal response to therapy. This assessment becomes challenging as tissue response to therapy makes the measurement of the actual isolated and clusters of residual tumor difficult. The literature indicates that these patients who experience complete disappearance of their tumor following neoadjuvant chemotherapy enjoy a better outcome. 41, 42 Overall, it appears that smaller tumor size represents a good prognostic factor, and residual tumors of >2 cm are associated with higher rates of locoregional tumor recurrence after neoadjuvant chemotherapy. 23 Tumor cellularity can also be used as a measure of response to therapy. However, this assessment may be complicated by the presence of associated chemotherapy-induced tissue reaction resulting in overestimation of cellularity. Assessment of tumor cellularity requires access to tumor tissue prior to chemotherapy. It is critical to describe tumor cellularity and type of stroma (sclerotic vs edematous) in biopsy samples prior to neoadjuvant chemotherapy in order to compare these findings in post-chemotherapy samples. It may be a good idea to secure microscopic images of preneoadjuvant chemotherapy biopsy for better assessment of tumor cellularity. 30, 43 Loss of tumor cellularity correlates with better clinical outcome. 34, 44 Tumor grade and tumor type
The grade of tumor may change to be higher or lower grade as the result of neoadjuvant chemotherapy. However, ultimately, the pretreatment tumor grade remains to be an independent prognostic factor. 45 The selection of neoadjuvant chemotherapy and its impact on breast cancer outcome mainly depend on molecular subtypes, the degree of proliferation rate, and various biomarkers.
It is clear that low-grade invasive breast carcinomas such as tubular carcinoma, lobular carcinomas, invasive cribriform carcinoma, papillary carcinoma, and mucinous carcinoma with low proliferation rates will not benefit from neoadjuvant chemotherapy and are not commonly a candidate for this option. In contrast, poorly differentiated high-grade carcinomas, basal cell type, and triple-negative breast cancer patients with high proliferation rate often are responsive to neoadjuvant chemotherapy. Naturally, neoadjuvant chemotherapy has no effect to change the breast subtypes. 46, 47 
Lymph nodes
The status of lymph nodes after therapy is the most important prognostic factor. This can be achieved clinically and by imaging. Performing sentinel lymph node biopsy after neoadjuvant chemotherapy for patients with clinically negative axilla at the time of diagnosis is an acceptable approach. As it has already been mentioned, clinically or radiologically suspicious lymph nodes should undergo minimally invasive sampling procedures such as ultrasound-guided fine needle aspiration biopsy prior to neoadjuvant chemotherapy. 30 Patients with negative results are then candidates for sentinel lymph node biopsy prior to chemotherapy by histopathology and can be spared from axillary dissection after neoadjuvant chemotherapy. 48 Patients with residual tumor in lymph nodes have worse prognosis compared to patients who have no residual tumor in lymph nodes. This underscores the necessity of finding residual tumor cells in lymph nodes of patients who undergo neoadjuvant chemotherapy that may require immunostaining for epithelial matter. The evidence of treatment effects in lymph nodes with residual metastasis is associated with a better prognosis. 49, 50 
Prognostic factors
Patients who achieve pathologic complete response experience better outcome regardless of tumor subtypes. As previously stated, patients with negative hormone receptors and positive HER2/neu oncogene and those with triple-negative tumors often respond to neoadjuvant chemotherapy. However, patients with HER2/neu oncogene positive and triple-negative breast cancer who fail to respond to therapy have a worse outcome compared to patients with hormone receptor positive tumors. 22, 51 Studies have shown that there is 8%-33% discrepancy between pre-and post-treatment status of hormone receptors. The discrepancy about HER2/neu oncogene is up to 32% (Figure 9 ). The stated reasons for these discrepancies are related to tissue processing and fixation, laboratory errors, tumor heterogeneity, and change in biology of the tumor. 52, 53 The predictive significance of change in tumor biomarkers following neoadjuvant chemotherapy is not yet known. There is, however, a suggestion that when there is a change from hormone receptor negativity to a positive reaction, this may indicate a better outcome. 54 Similarly, among HER2/neu oncogene positive patients who were treated with neoadjuvant trastuzumab, a reduction in the expression of HER2/neu oncogene was associated with poor recurrence-free survival. 22 Currently, the change in the rate of Ki-67 as a proliferation marker is regarded as a marker for response to neoadjuvant chemotherapy, particularly in patients with hormone receptor positive tumors who receive endocrine therapy [55] [56] [57] (Figure 10 ).
Pathologic reporting
Pathologic evaluation of tumor response to neoadjuvant chemotherapy is of critical importance in the treatment planning and prognosis of patients who undergo this therapy. Pathology report must include assessment of response to tumor, size of the tumor bed, size and extent of residual tumor, tumor cellularity compared to primary tumor and tumor grading. In addition, the information about the viability of the tumor cells measured by Ki-67 immunostaining, presence of mitosis, presence of necrosis, lymphovascular invasion, presence of ductal carcinoma in situ, and the status of margin with respect to tumor bed are important factors to include in pathology reporting. Inclusion of prefix pT for pathologic staging is also required. There is no doubt that the absence of tumor bed and previous biopsy changes must urge for further evaluation and possible re-excision of the missed tumor in these patients. Pathology reports must also include the number of lymph nodes, number of lymph nodes with metastasis and the size of the largest deposit, the status of tumor response, and the presence or absence of extranodal involvement. Despite the emphasis on the significance of pathology reporting, there are still reports of variability among pathologists. The areas of discrepancies are laterality, grading of tumor, the status of lymph node metastasis, and response to therapy. Measures should be taken to standardize pathology reporting and monitor the adherence to already established guidelines in breast pathology. [58] [59] [60] [61] [62] [63] 
Future perspective
Breast cancer has remained a heterogeneous disease that presents with several different clinical presentations, morphologic features, and molecular characteristics. Breast cancer is not a single disease, and every tumor is characterized by different sizes and types, lymph node status, hormone receptor status, and HER2/neu oncogene. It occurs and behaves differently among different ethnic groups. This heterogeneity most likely is the reflection of several genetic pathways that eventually determine the type and biology of breast cancer. With advances in science and technology, it is anticipated that more progress will be made in understanding of the biology of this devastating disease.
There is no doubt that the global interest in betterment of the lives of breast cancer patients continues to lead into the discovery of more molecular-targeted therapies that influence the survival of patients with this disease. There is now sufficient evidence to recognize the merits of neoadjuvant chemotherapy for selected group of breast cancer patients. As there are still breast cancers that do not respond to the currently available chemotherapeutic agents, more efforts will be placed to better characterize the molecular makeup of each individual breast cancer. This information is the appropriate pathway for drug discoveries, so that there will be more possibility of offering patients personalized breast cancer care. It is hoped that these efforts make an impact on the mortality from breast cancer across the globe.
Summary
Currently, neoadjuvant chemotherapy has become a major trend in breast cancer care. Assessment of the response to neoadjuvant chemotherapy requires an established integrated multidisciplinary care among pathologists, radiologists, surgeons, and oncologists. In order to provide an appropriate reporting of pathologic response to therapy, access to diagnostic and prognostic/predictive information of breast tumors and sentinel lymph nodes prior to neoadjuvant chemotherapy is essential. Responsibilities of a pathologist include proper handling and processing of post-treatment surgical specimens, such as identification of tumor bed for assessment of response to therapy; comprehensive sampling of tumor bed; measurement of the size of the residual tumor; and determination of the extent of the residual tumor, cellularity, and treatment effects in both breast and lymph nodes. Immunostains for epithelial markers and markers for macrophages may be used for assessment of the presence or absence of residual tumor. Ki-67 may be used to grade the degree of response to neoadjuvant chemotherapy. The status of hormone receptors HER2/neu oncogene may change as the result of neoadjuvant chemotherapy. It is critically important to adhere to the established guidelines for accurate reporting of the impact of neoadjuvant chemotherapy for proper management of breast cancer patients. 
